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NOMENCLATURE AND NUMBERING 
Spin-labels and general compound types will be identified by the 
names listed below. 
S 
semidione 
dithiete 
monothios emi d i one 
.S 
dithiete 
radical cation 
dithiin 
semidithione 
dithiin 
radical cation 
CH, 
•S CH, 
dithiole 
S y •= 
dithiole 
radical cation 
1,2-dithietane 1,2-dithietane 
radical cation 
+ • 
1,2-dithiolane 1,2-dithiolane 
radical cation 
vi 
Although dithiole itself contains hydrogens instead of the methyl 
substituents shown in the "dithiole" structure, most of the dithioles 
which will be mentioned do have the methyl substituents present. 
Therefore, the term "dithiole" will include the methyl groups unless 
specific mention is made of some other substitution pattern. 
The numbering patterns shown below are not necessarily the patterns 
normally considered correct, especially where cyclic spin-labels are 
involved. However, they were chosen so that carbon atoms 2 and 3 of 
any structure would always correspond to the two carbon atoms shared 
by the spin-label and the parent structure. These numbering patterns 
are used only when referring to radical anions and cations, and in 
naming the precursors to the radicals, normal numbering procedure will 
be used. 
7 
1 
4 
1 
f± 
\ 
4 
1 
INTRODUCTION 
The semidiones of bicyclo[2.2.l]heptane (]^) and bicyclo[2.2.1 ]-
hept-5-ene (^) show an unusually large long-range hyperfine splitting 
H 7a 
1 2 
by hydrogen in the 7-anti position (1, 2). A mechanism involving 
homohyperconjugation can be invoked to explain the large splitting. 
Structures ^  and illustrate how spin may be transferred to 
by homohyperconjugation (2). This mechanism can operate only when 
0 1 0 
the HOMO of the spin-label is symmetric with respect to the plane bi­
secting the spin-label and containing H^^. Thus, in semidiones % and 
^ the hyperfine splitting constants are 6.54 G and 8.19 G, respectively, 
for Semiquinone which also contains a HOMO symmetric with 
respect to Cg and of the bicyclic system, shows a splitting of 3.10 
G for Hy^ (3), the slightly smaller value being due to lower spin 
2 
density at and in the semiquinone than in the corresponding 
semidione. 
In the semibenzoquinones and semifuraquinones ^  through the 
homo's of the spin-labels are antisymmetric with respect to Cg and C^, 
0" 0 0 0 
5 6 2 8 
giving rise to smaller splittings by The observed values are 
0.70 G, 0.80 G, 1.03 G, and 1.41 G, respectively (4-6). Similar 
results have been observed with the radical anions of nitro- and 
dinitrobenzonorbornanes (3, 7). These splittings are due to spin 
polarization, a mechanism which does not depend on the symmetry of 
the spin-label. A spin-polarized structure such as 9^ can account 
for the small splitting by when spin cannot be transferred via 
homohyperconjugation (2). 
A small splitting by is observed in _7» and The 
spin polarization mechanism also gives rise to this splitting, the 
3 
H' 
9 
magnitude of which is not determined by the symmetry of the HOMO of 
the spin-label. 
The radical cations corresponding to the anions 1., and 4-8 
have not been observed. The cations corresponding to 3^, and ^  would 
be expected to have small hyperfine splitting constants for 
(antisymmetric HOMO's) while those corresponding to _5-^ should have 
large splittings (symmetric HOMO's). Calculations on the cations of 
J., and 2 agree with this prediction (8). It was therefore pre­
dicted that the large H^^ splitting should be observed in a cationic 
system such as radical cation or 11. 
10 11 
Dithiole radical cations have hyperfine splitting constants approxi­
mately 10% smaller than those of the corresponding semidiones. They 
may be generated from a-hydroxyketones or a-diketones in sulfuric acid 
by addition of acetone and either sodium sulfide, sodium thiosulfate, 
4 
or sodium dithionite (9). Addition of sulfuric acid to the parent 
dithiole will also produce the radical cation (10). 
When 1,2-cyclohexanedione, for example, is placed in sulfuric 
acid and sodium sulfide and acetone are added, the ESR signal for 
dithiole radical cation 12^ is observed. The signals for the dithlete 
and dithiin radical cations 33 and which would also be observed 
in the absence of acetone, are present as well. With the bicyclic 
dithiole radical cations, which would be expected to give more compli­
cated splitting patterns than 12, the presence of additional signals 
was highly undesirable. It was found, however, that by first dissolving 
an a-diketone in acetone and then adding sodium sulfide and sulfuric 
acid to that solution, the dithiole radical cation alone was produced. 
By this method it was thought that the bicyclic dithiole radical cations 
could be generated free of interfering signals. 
Unfortunately, attempts to generate 1^ and 11 from the diketones 
yielded unresolved spectra, and no signal at all was obtained in 
attempting to form 10 from the corresponding a-hydroxyketone. It was 
therefore decided that the radical cations would have to be generated 
from the parent dithioles 1^ and ]j6 themselves. 
12 13 14 
5 
S 
15 16 
Although all attempts to synthesize or 1^ ended in failure, 
and although neither ID nor was ever observed, some of the inter­
mediates from the attempted syntheses of did prove useful in 
generating both anionic and cationic spin-labels. It is these radical 
anions and cations which will be discussed. 
6 
RESULTS 
Radical Anions—Semidithiones 
Schrauzer and coworkers (10, 11) have reported the syntheses of 
two dithioles using the thioesters obtained from the reaction of 
a-hydroxyketones (or a-diketones or a-haloketones) with phosphorus 
pentasulfide (Scheme I). It was hoped that a similar scheme could be 
Scheme I 
R. 
R 
+ P4S1O 
R 
X)" 
H 
+ 
"*S 
X 
R = CH3 (17), 0 
used to synthesize dithiole starting with the easily-obtained 
bicyclo[2.2.1]heptane-2,3-dione (18) rather than with the hydroxy-
ketone (Scheme II). 
Scheme II 
4*10 
18 
20 
7 
No bicyclic dithiols was obtained by this method. However, the 
ester 22 could be isolated by column chromatography as a brownish 
resin, and treatment of the resin with potassium _t-butoxide in dimethyl 
sulfoxide produced an ESR signal with a g-factor equal to 2.0166 
corresponding to semidithione 20. 
20 represents the first reported example of the semidithione spin-
label. The hyperfine splitting constants observed were a^ = 4.2 G 
(1 H; ) and 1.3 G (4 H; H , ). Although additional 7anti l,4,5exo,6exo 
1 (1), poorer resolution in the semidithione spectrum made detection 
of any splitting impossible. 
Table I lists the splitting constants and g-factors for semidione 
1 and semidithione Note the much larger g-factor for ^  than for 2. 
Table I. Splitting constants and g-factors for bicyclo-
[2.2.1]heptane-2,3-semidione (1^) and bicyclo-
[2.2.1]heptane-2,3-semidithione (20) 
Radical Ion (In gauss) g-Factor 
is seen in the bicyclo[2.2,l]heptane-2,3-semidione 
H 1,4,5exo,6exo H 7a 
semidione 1 2.43 6.54 2.005 a 
semidithione 20 1.3 4.2 2.0166 
^Estimated, based on g 
semidione (12). 
= 2.00505 for cis-propane-1,2-
8 
For comparison with bicyclo[2.2.l]heptane-2,3-semidithione (20), 
semidithiones 2^ and 22^ were desired. The thiophosphoric ester 2J_ from 
CH^ S 
12 
acetoin and is known (10, 13) and has been used in the synthesis 
of metal complexes of the type illustrated by 23. In synthesizing the 
CH CH 
CE 
23 
metal complexes, however, the thiophosphoric ester is not normally 
isolated but is used situ (11, 13). No thiophosphoric ester could 
be isolated from the reaction of P^S^Q with either acetoin, 2,3-
butanedione, or 3-chloro-2-butanone, and no ESR signal was observed 
upon treatment with potassium t-butoxide in MegSO of either the solid 
residue from the reaction or the residue obtained after evaporation of 
the solvent from the reaction mixture. 
Reaction of P^S^^ with 1,2-cyclohexanedione gave a poor yield of 
an amber resin which was believed to be thiophosphoric ester 24. 
However, treatment of the resin with potassium _t-butoxide in MegSO 
9 
under both static and flow conditions failed to yield an observable 
ESR signal. 
CX/'1 
B , Me.SO 
^S 
2 
> no signal 
24 
A second approach to the formation of semidithione 7^ was to 
generate the radical anion from trithiocarbonate 25 or dithiolcarbonate 
26. Treatment of either 2^ or ^  with potassium ^ -butoxide in MegSO 
26 25 
produced a color change but no observable ESR signal. When 2^ was 
reacted under flow conditions, no signal was observed, and irradiation 
of either the static or flow solutions with a UV light did not produce 
a signal. 
Dithiolcarbonates such as ^  may lose carbon monoxide on irradi­
ation to form dithiones (14). Bubbles did appear at the cathode when 
dithiolcarbonate ^  was irradiated with a UV light while being reduced 
electrolytically, but no ESR signal for semidithione 22 was observed. 
10 
Although neither acyclic nor monocyclic semidithiones were observed, 
other bicyclic semidithiones were easily prepared. Reaction of 
camphorquinone with gave thiophosphoric ester as a yellow, 
slightly sticky solid from which semidithione ^  was produced by treat­
ment with potassium _t-butoxide in MCgSO. The ESR spectrum of 28 
showed a hyperfine splitting of 1.4 G for three hydrogens (H^ 5exo 6exo^ ' 
Splitting by hydrogen in the position and by the methyl hydrogens 
in the and positions could be seen in the corresponding 
semidione (2), but the spectrum of the semidithione was not sufficiently 
well-resolved to detect any further splitting. 
MegSO 
Bicyclo[2.2.2]octane-2,3-semidithione (29) was produced according 
to Scheme III. Its ESR spectrum showed a splitting of 1.2 G by four 
equivalent hydrogens anti to the spin-label at carbons 5, 6, 7, and 8. 
This assignment is consistent with the observed ESR spectrum of the 
corresponding semidione (1). 
11 
Hg(0Ac)2 THF> 
Scheme III 
H-0 NaBH, 
Z . 4 
NaOH 
,0H CrO, 
0 P4S10 
B , Me2S0 
29 
Radical Anions—Monothiosemidiones 
Grunwell and Willett (15) reported the formation of dithiole _30 
by reduction of trithiocarbonate 25 with lithium aluminum hydride. 
(Xl> '  ^QC) 
Trithiocarbonate 2^ could be synthesized by several methods (15-17), 
and using analogous reactions in the bicyclic system, it was thought 
that bicyclic dithiole could be obtained by one of the paths shown 
in Scheme IV. 
12 
Scheme IV 
Path A 
(CH3)2NCSf, 
Path B 
(TMTD) 
31 
TMTD 
SCN (013)2 
S 
Et^N, H^S I L1AIH4 
1) n-BuLi") 
2) CH3I J 
done twice 
O 
X 
Path A was used on cyclohexanone as well as on norcamphor, shown 
in Scheme IV, but it proved to be of little synthetic value. The 
reaction of 2-(IJ,I^-diraethylthiocarbamoylmercapto) cyclohexanone with 
13 
^4^10 form 4,5-tetramethylene-l,3-dithiole-2-thione (25) resulted 
in only a poor yield of and reaction of _31 with was even 
worse, giving some tar but none of the desired product, bicyclic 
trithiocarbonate Reaction of 21 with H^S also failed to yield 
any trithiocarbonate. Compound ^  itself, however, proved to be use­
ful as a precursor for monothiosemidione 2J_y which represents the 
first example of the monothiosemidione spin-label (Scheme V). 
Carbamoylmercaptoketone Jl^, mer captoketone and acetylmer-
captoketone ^  all gave monothiosemidione ^  when treated with 
potassium jt-butoxide in MegSO, with _35 and ^  giving stronger ESR 
Scheme V 
NaOH 
SCN(CH„) SCCH 
B , MAgSO Me SO 
0 
37 
14 
signals than 31. The ESR spectrum of y]_ showed a signal with a g-factor 
of 2.0100 and the following hyperfine splitting constants. 
a" . 5.2 G (1 H, 
«4.56%.) 
1.3 G (2 H; 
u 
37 
As in the case of the semidithione, no splitting by could be 
detected because the spectrum was not sufficiently well-resolved. 
Table II lists the splitting constants and g-factors for semidione 
jL, monothiosemidione and semidithione Note that the values of 
both and the g-factor for monothiosemidione ^  are between the 
corresponding values for semidione _1 and semidithione 20. 
Table II. Splitting constants and g-factors for bicyclo-
[2.2.1]heptane-2,3-semidione (1.), -monothiosemi­
dione (37), and -semidithione (20) 
Radical Ion H a g-Factor 
«l,6exo «4,5exo «7a 
semidione j. 2.43 2.43 6.54 2.005^ 
monothiosemidione 37 1.3 2.6 5.2 2.0100 
semidithione 20 1.3 1.3 4.2 2.0166 
^Estimated. 
15 
For comparison, the monothiosemidiones _38 and 39^ were desired. 
38 was generated by the reaction of potassium t-butoxide in MCgSO with 
the dimer of 2-mercaptocyclohexanone (41), which was obtained by 
hydrolysis of thiocarbamoylmercaptoketone 4^ (Scheme VI). (This scheme 
is probably not the best route for obtaining as the dimer was 
obtained in very poor yield. However, a supply of ketone ^  had been 
prepared previously and was therefore used as the precursor of 41). 
ÉCH3)2»CSj2 I
Scheme VI 
SCN(CH„) 
40 
NaOH 
B , MegSO 
38 
16 
Many a-mercaptoketones exist as dlmers but are in equilibrium 
with their monomers in basic solution (18); the monomer can then be 
converted to the radical anion. The ESR spectrum of ^  showed splitting 
by two sets of two equivalent hydrogens: a^ = 11.45 G (a-hydrogens on 
H 
sulfur side) and a = 4.80 G (a-hydrogens on oxygen side). 
Butane-2,3-monothiosemidione (39) was formed by the reaction of 
3-mercapto-2-butanone with potassium ^-butoxide in Me^SO. Hyperfine 
splitting by two sets of three equivalent hydrogens was observed: 
H H 
a = 7.65 G (methyl hydrogens on sulfur side) and a = 2.10 G (methyl 
hydrogens on oxygen side). 
By comparing monothiosemidiones 22.» and to the corresponding 
semidiones 1, 42, and 43, it appears that butane-2,3-monothiosemidione 
0 CH, 
39a 
CH, 
CH 
/ 
\ 
3"^ ^0 
39b 
42 
CH. .0' 
CH. 
43a 
CH. 
CH 3 ^0 
43b 
has the trans structure 39a rather than the cis structure 39b. Table III 
makes this comparison, where H is an a-hydrogen in the semidione, H is 
& b 
17 
an a-hydrogen on the sulfur side of the monothiosemidione, and is 
an a-hydrogen on the oxygen side, of the monothiosemidione. 
Table III. Comparison of hyperfine splitting constants for 
semidiones and monothiosemidiones 
Anion Pair H a 
Hb, Ha 
a /a 
He. Hg 
a /a 
Hb, ®c 
a /a 
h IZ «a 2.43* 1.1 0.53 2.0 
2.6 
H 1.3 
c 
42, 38 H 
a 
9.82^ 1.2 0.49 2.4 
"b 11.45 
H 4.80 
c 
43a, 39 H 5.6 1.4 0.38 3.6 
a 
«b 7.65 
H 2.10 
c 
43b, 39 H 7.0 c 1.1 0.30 3.6 
a 
\ 7.65 
H 2.10 
c 
^Reference 1. 
R^eference 19. 
R^eference 20. 
From the ratios given in the table, it can be seen that in going 
from bicyclic to monocyclic to acyclic monothiosemidione, the spin 
18 
density on carbon containing the sulfur atom increases relative to the 
% He 
spin density on carbon containing the oxygen atom (therefore, a /a 
increases). Relative to the semidione, the spin density on carbon next 
to the sulfur atom increases while the spin density on carbon next to 
the oxygen atom decreases (therefore, a^ b/a^ a increases while a^ /^a^ & 
decreases). The trans structure for butane-2,3-monothiosemidione (39a) 
best fits this trend. 
By a similar argument, monothiosemidione generated from 
2-mercapto-3-pentanone, probably has the trans structure shown. Hyper-
fine splitting constants of 7.75 G for three equivalent hydrogens and 
2.25 G for two equivalent hydrogens in ^  confirm the assignment of the 
larger splitting constants in 22.» ^8, and 39a to the hydrogens a to the 
carbon containing the sulfur atom. 
When a degassed solution of 39a was opened to the air for a short 
time, a new ESR signal grew in with the addition of oxygen as the signal 
for 39a disappeared. The new signal was due to semiquinone with 
hyperfine splitting constants of 2.15 G (6 H) and 1.96 G (2 H) (21). 
The semiquinone was a convenient standard relative to which the g-factor 
of the monothiosemidione, which was determined to be 2.0103, could be 
measured. 
19 
Q  
Monothiosemidione ^  behaved similarly with addition of traces of 
oxygen, producing semiquinone (21). The g-factor of ^  was then 
measured as 2.0109. 
Q  
Radical Cations—Dithietes, Dithiins, and Dithioles 
In an attempt to test the feasibility of synthesizing bicyclic 
dithiole 16 via Path B of Scheme IV, cyclohexanone was taken through 
the same reaction scheme (Scheme VII). Trithiocarbonate ^  was obtained 
in reasonable yield by this method, and reaction of 2^ with lithium 
aluminum hydride produced 4,5-tetramethylene-l,3-dithlole (30). Upon 
treatment of _30 with sulfuric acid, only a very weak ESR signal was 
seen for what might have been the radical cation of dithiole In­
20 
stead, the major ESR signal observed was that of the dithiete radical 
cation jJ: a = 3.04 G (4 H) (9). A very weak signal probably due to 
the dithiin radical cation 14 was also present: a^ = 2.88 G (8 H), 
Scheme VII 
W  
:s 
y 1) n-BuLi 
./ 2) CHgl ^ 
\ 1) n-BuLi 
g/ 2) CH3I ^ i L „X  
30 47 48 
H2SO4 H2SO4 H2SO4 
13 49 12 
21 
/ -
11 
Addition of ii-butyllithium and methyl iodide to dithiole con­
verted it to its 2-methyl derivative which gave only the ESR signal 
for the corresponding radical cation ^  when treated with sulfuric 
acid. The hyperfine splitting constants observed were a^ = 24.2 G 
(1 H) and 8.5 G (4 H). No splitting by the methyl hydrogens was 
detected. 
Dithiole ^  was methylated twice using n-butyllithium and methyl 
iodide to give dithiole Treatment of ^  with sulfuric acid gave 
only the radical cation 1^: a^ = 8.75 G (4 H). Starting with the 
parent dithiole, a much stronger signal for the radical cation could be 
obtained than by generating the cation from the diketone, sodium sulfide, 
and acetone in HgSO^. 
After the successful completion of Scheme VII, the same reaction 
sequence was attempted starting with norcamphor (Scheme IV, Path B). 
However, treatment of the bicyclic enamine ^  with tetramethylthiuram 
disulfide and H^S yielded not the desired trithiocarbonate ^  but an 
exo-endo mixture of trithiocarbonate ^ was converted to trithiocar­
bonate by the reaction sequence shown in Scheme VIII. (Where 
stereochemistry is not indicated, a mixture of exo-endo,cis compound 
22 
S 
S 
S 
33 50 
was present. Where a specific stereoisomer is shown, that stereoisomer 
was the only one obtained.) When trithiocarbonate was finally ob­
tained and was reacted with lithium aluminum hydride, the resulting 
product was bicyclo[2,2.l]heptane-2,3-dithiol 51a rather than the hoped-
for dithiole 34. 
Scheme VIII 
Hg(0Ac)2 
HOAc 
S NBS •Br Zn 
Br 
50 
0 
33 34 
H H 
51a 
23 
Although not the desired product, the dithiol 51a was not a 
completely unexpected product considering the formation of 1,2-
benzenedithiol and 1,2-ethanedithiol, respectively, from benzo-1,3-
dithiole-2-thione and 1,3-dithiole-2-thione itself upon treatment with 
lithium aluminum hydride (22, 23). An exo-endo mixture of the dithiol 
could be obtained much more readily, of course, by hydrolysis of 
trithiocarbonate ^  with sodium hydroxide, and for subsequent reactions 
the dithiol was prepared in this manner. 
Bicyclo[2.2.1]heptane-2,3-dithiol (exo-endo mixture) 53^ was re­
acted with acetone in hopes that the dithiole radical cation could 
be generated from dithiolane 52^ (Scheme IX), Instead, when dithiolane 
SH ^ S 
Scheme IX 
51 52 11 
24 
52 was dissolved in sulfuric acid and a small amount of solid potassium 
persulfate was added, an ESR signal with hyperfine splitting constants 
of a" - 2.75 G (1 H; and a" - 0.90 G (4 H; 4,5^,6^) »aa 
observed and was attributed to the bicyclic dithiete radical cation 
53» The same signal could be obtained by adding HgSO^ and potassium 
persulfate to the dithiol 21* however, in neither case could the signal 
for the dithiole radical cation 12 be obtained either by adding acetone 
to the solution containing the dithiete radical cation or by having 
acetone present when the sulfuric acid was added to the dithiol or the 
dithiolane. 
When the solution of dithiete radical cation 5^ was allowed to 
stand overnight, a second signal very slowly grew in and was attributed 
to the dithiin radical cation _54: a^ = 2.3 G (2 H; 7'anti^ and 
a" - 0-8 G (8 H; «i, i-,4,4. ,5^,5.^,6exo.6'exo'" signal 
could be observed free of the dithiete radical cation signal by addition 
54 
of sulfuric acid to 3-mercaptobicyclo[2.2.1]heptane-2-one (35). Since 
o-mercaptoketones are known to dimerize in acidic solution (18), the 
dithiin radical cation would be the expected product in sulfuric acid 
(Scheme X), confirming the identity of the second signal above. 
25 
In order to determine whether 1,2-dithiols in general would form 
dithiete radical cations, 2,3-butanedithiol, 1,2-propanedithiol, and 
1,2-ethanedithiol were reacted with sulfuric acid. 2,3-Butanedithiol 
produced the 3,4-dimethyl-l,2-dithiete radical cation (55) (9): 
= 2.19 G (6 H). (Although K„S„Oo was needed as an additional / Z o 
oxidizing agent in the case of the bicyclic dithiol, it was not 
necessary with the acyclic dithiols.) An unidentified impurity in 
the dithiol produced a second signal which obscured the region in which 
the signal for tetramethyl-l,4-dithiin radical cation (56) would have 
appeared if it had been present. Therefore, the dithiin radical 
cation was not observed in this solution. 
55 56 
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Addition of sulfuric acid to 1,2-propanedithiol produced the 
3-methyl-l,2-dithiete radical cation (57) (9), with a^ = 3.3 G (1 H) 
X)| 
57 
and a^ = 1.8 G (3 H), plus a second complex signal which grew in rather 
rapidly. The complex signal was actually made up of two signals with 
identical g-factors, one showing eleven equally spaced lines with 
hyperfine splitting constants of 3,50 G for two equivalent hydrogens 
and 1.75 G for six equivalent hydrogens and the other, a triplet of 
H H 
septets, with a = 2.85 G for two equivalent hydrogens and a = 2.45 G 
for six equivalent hydrogens. The two signals were attributed to the 
two possible dithiin radical cations that could form, ^  and 59; however. 
58 ^ 
A 
it was not obvious which set of splitting constants corresponded to 
each cation. 
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It was thought that radical cation ^  could be identified by 
adding sulfuric acid to the dimer of a-mercaptoacetone (60), which was 
expected to give only _58. Upon treating the dimer with HgSO^ and 
waiting until the ESR signal had stopped growing, a mixture of both 
58 and ^  was again observed. An equilibrium mixture of the two 
cations was obviously forming almost as quickly as radical cation 58 
was being formed (Scheme XI); therefore, by the time the growth of the 
signals had slowed down enough (after twenty to thirty minutes) so 
that an ESR spectrum could be taken, the same mixture of the two 
radical cations was always present. 
A scan of the ESR spectrum within a few minutes after addition 
of HgSO^ to the dimer ^  showed mainly the eleven-line signal present 
at first with both signals growing during the time the spectrum was 
being scanned. Repeated scans showed the triplet of septets growing 
relative to the eleven-line signal until the usual equilibrium 
mixture was reached after about thirty minutes. The signal which 
60 58 
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Scheme XI 
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appeared first was assigned to dithiin radical cation while the 
triplet of septets was assigned to 59. 
t +* 1 
\ / 
S" CH 
18 59 
a" = 3.50 G (2 H) a^ = 2.85 G (2 H) 
1.75 G (6 H) 2.45 G (6 H) 
As the bicyclic dithiolane ^  did, 2,2,4-trimethyl-l,3-dithiolane 
in sulfuric acid produced the same ESR signals as the corresponding 
1,2-propanedithiol. However, 3-methyl-2,5-dithiahexane (61) failed 
to give an ESR signal in sulfuric acid. 
H SO 
CHgSCHCHgSCHg —-—^ N. S. 
61 
1,2-Ethanedithiol and 2,2-diinethy1-1,3-dithiolane in sulfuric acid 
both gave the same ESR spectrum, but it was not the spectrum of the 
dithiete radical cation. This case will be discussed separately below. 
Radical Cations—Cyclic Disulfides 
Addition of sulfuric acid to 1,2-ethanedithiol produced a radical 
cation with a hyperfine splitting constant of a^ = 3.7 G for four equi­
valent hydrogens, which was believed to be the 1,2-dithietane radical 
30 
cation (62). A second signal grew in very rapidly and had a hyperfine 
splitting constant of a^ = 2.40 G (8 H). It was originally believed 
to be that of the 1,4-dlthiane radical cation (63), which is observed 
when 1,4-dithiane is oxidized by hydroxyl radical (24, 25). However, 
1,4-dithiane itself in sulfuric acid failed to give an ESR signal. 
62 63 
An attempt was then made to generate radical cation ^  to see 
what the magnitude of the hyperfine splitting constant for the methylene 
64 
hydrogens would be in comparison to the hfsc for the dithietane radical 
cation (62) . When sulfuric acid was added to the parent 2,3-dihydro-
1,4-dithiin, the ESR signal for 6^ was not seen. Instead, the signal 
with a^ = 2.40 G (8 H) grew in fairly rapidly. This signal was eventu-
2 9 ' 
ally identified as that of the A ' -bi-1,3-dithiolane radical cation 
65 (26). 
31 
+ • 
65 
An example of a 2,3-dihydro-l,4-dithiin radical cation was still 
desired as a comparison to cations ^  and Addition of sulfuric 
acid to 5,6-dimethyl-2,3-dihydro-l,4-dithiin produced radical cation 
66, with hyperfine splitting constants a = 5.65 G (6 H) and a = 
3.50 G (4 H). 
CH 
CH 
66 
1,3-Propanedithiol also formed a cyclic disulfide radical cation 
when treated with sulfuric acid. The 1,2-dithiolane radical cation 
(67) had a hyperfine splitting constant of a^ = 10.00 G for four equiva­
lent hydrogensi No other signal was observed. 
67 
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1,4-Butanedithiol (68) failed to give an observable ESR signal 
when treated with sulfuric acid. Also failing to give an ESR signal 
with HgSO^ was 2,5-dithiahexane (69). 
H SO 
HSCHGCHGCHGCHGSH ^ N. S. 
M 
H SO 
CHJSCHGCHGSCHG ——^ N. S. 
To help confirm the presence of the 1,2-dithietane radical 
cation (62) and 1,2-dithiolane radical cation (67), an attempt was 
made to synthesize the parent compounds and Small cyclic 
'S 
I  
,S 
70 
a s 
72 
.fSCHgCHgS»^ 
71 
-4SCH2CH2CH2S>^ 
73 
disulfides polmerize easily (27), and in the attempted synthesis of 70, 
only the polymeric disulfide 21 was obtained. 1,2-Dithiolane is known 
to polymerize more slowly when in solution than when isolated; therefore, 
72 was left in a benzene solution after it was made and the solution was 
mixed with sulfuric acid. Taking the acid layer only, the signal with 
y 
hfsc a = 10.00 G (4 H) was again observed. 
33 
The 1,2-dithlolane (72) was isolated and given time to polymerize, 
and the polymeric disulfide 21 was treated with sulfuric acid. It gave 
the same signal as did 1,3-propanedithiol and 1,2-dithiolane (72). 
Polymer 21: when treated with sulfuric acid, gave only the signal 
for the 1,2-dithietane radical cation (62). No signal for radical 
cation was observed. 
To see if monothiols would form disulfide radical cations, 
1-butanethiol, sodium methanethiolate, and benzyl mercaptan were 
treated with sulfuric acid. Only benzyl mercaptan gave an observable 
H ESR signal, a = 1.4 G (4 H), with a g-factor close to that of the 
1,3-dithiolane radical cation (67). Benzyl disulfide, the only 
disulfide to yield an observable signal, gave the same signal as the 
mercaptan did, probably radical cation 2^. Isopropyl disulfide, methyl 
+ • 
0CH2-S--S-CH20 
24 
disulfide, and isopropyl methyl disulfide did not give ESR signals 
when treated with sulfuric acid. 
Tabulation of ESR Results 
Table IV lists the splitting constants and g-factors of observed 
radical anions and cations mentioned earlier. Entries in the table are 
arranged so that radical ions of the same type appear consecutively, 
with the different types appearing in the following order; semi-
dithiones, monothiosemidiones, semiquinones, dithiete radical cations. 
34 
dithiin radical cations, dithiole radical cations, disulfide radical 
cations, and other radical cations. 
(It has been stated that the signal for tetramethyl-l,4-dithiin 
radical cation (56) was not observed in solution with 3,4-dimethyl-
1,2-dithiete radical cation (55). However, 5^ was generated from 3-
mercapto-2-butanone in the process of determining the g-factor for 55, 
and it is therefore included in Table IV.) 
ESR Spectra 
Figures 1-13 show the ESR spectra of some of the radical anions 
and cations mentioned earlier which had not been observed previously. 
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Table IV. Splitting constants and g-factors of observed radical 
anions and cations 
Radical Ion H g-Factor Reference 
rS 
20 
4.2 (1) 
1.3 (4) 
2.0166 28 
1.4 (3) 
28 
1.2 (4) 
5.2 (1) 
2 .6  (2 )  
1.3 (2) 
2.0100 28 
/ i - # 
38 
11.45 (2) 
4.80 (2) 
CH^ .S* 
. 1  0 
7.65 (3) 
2.10 (3) 
2.0103 
39a 
36 
Table IV (continued) 
Radical Ion a g-Factor Reference 
7.75 
2.25 
(3) 
(2 )  
2.0109 
0 ^ CHgCH^ 
44 
2.15 (6) 
1.96 (2) 
2.0050 28 
21 
1.95 (12) 2.0055 21 
2.75 (1) 
0.90 (4) 
2.0144 
\' \ i+- ; 
io--
3.04 (4) 2.0155 
13 
37 
Table IV (continued) 
Radical Ion a g-Factor Reference 
2.0084 
CH. -S.. 
XH, 
3.50 
1.75 
( 2 )  
( 6 )  
2.0094 
58 
38 
Table IV (continued) 
H 
Radical Ion a g-Factor Reference 
CH3.^ S.^ CH 
K+.T 2.85 (2) 2.0094 
2.45 (6) 
59 
. ^ \/™3 24.2 (1) 
49 
CH. 
'CHU 
8.75 (4) 2.0103 
12 
Ci 3.7 (4) 2.0193 
62 
c 10.00 (4) 2.0182 
67 
39 
Table IV (continued) 
Radical Ion a^ g-Factor Reference 
+• 
0CH2S--SCH20 1.4 (4) 
74 
c;xj -f- # 2.40 (8) 2.0089 26 
65 
CH] 
66 
5.65 
3.50 
(6) 
(4) 
Figure 1. First derivative ESR spectrum of 2,2-dimethyl-
4,5-tetramethylene-l,3-dlthiole radical cation (12) 
10 GAUSS 
Figure 2. First derivative ESR spectrum of bicyclo-
[2.2.l]heptane-2,3-semidithione (20) 
2 GAUSS 
Figure 3. First derivative ESR spectrum of bicyclo-
[2.2.l]heptane-2,3-monothiosemidione (37) 
2 GAUSS 
Figure 4. First derivative ESR spectrum of cyclohexane-
1,2-monothiosemidione (38) 
10 GAUSS 
Figure 5. First derivative ESR spectrum of butane-
2,3-monothiosemidione (39a) 
5 GAUSS 
Figure 6. First derivative ESR spectrum of pentane-
2-thio-2,3-semidione (44) 
5 GAUSS 
Figure 7. First derivative ESR spectrum of the bicyclic 
dithiete radical cation (53) obtained from 
bicyclo[2.2.1]heptane-2,3-dithiol in sulfuric 
acid 
53 
2  G A U S S  
Figure 8. First derivative ESR spectrum of the bicyclic 
dithiin radical cation (54) obtained from 3-
mercaptobicyclo[2.2.1]heptan-2-one in sulfuric 
acid 
2  G A U S S  
Figure 9. First derivative ESR spectrum of 1,2-dithietane 
radical cation (62) 
57 
5 GAUSS 
2 2' 
Figure 10. First derivative ESR spectrum of A ' -bi-1,3-
dithiolane radical cation (65) 
59 
5 GAUSS 
Figure 11. First derivative ESR spectrum of 5,6-dimethyl-
2,3-dihydro-l,4-dithiin radical cation (66) 
10 GAUSS 
Figure 12. First derivative ESR spectrum of 1,2-dithiolane 
radical cation (67) 
63 
10 GAUSS 
Figure 13. First derivative ESR spectrum of benzyl disulfide 
radical cation (74) 
1  G A U S S  
66 
DISCUSSION 
The semidithiones and ^  proved to be much like semidiones 
75, and ]^, but with greater spin density at the sulfur atoms than 
28 20 
f/— • / —  •  
1 
on the oxygen atoms (and, therefore, less spin density at carbons 2 and 
3). The shift in spin density is reflected in the smaller hyperfine 
splitting constants observed for the semidithiones than for the semi-
H H diones. The ratio a (semidithione)/a (semidione) remains constant, 
within the accuracy of the a^ measurements, with a^(20)/a^(l) = 0.53, 
a^(^)/a^(75) = 0.55, and a"(^)/a^(76) = 0.57 (1). [For 75, a doublet 
of triplets could be seen in a well-resolved spectrum but a quartet was 
observed at lower resolution. Because the poorly-resolved spectrum 
of 2^ showed a quartet, the doublet and triplet values of _75 were 
averaged in figuring a^(28)/a^(75).] The a^ values used in calculating 
the ratios are those for the bridgehead and exo hydrogens. (In 29, 
67 
where a = 0 for the bridgehead hydrogens, only the value for the exo 
hydrogens was used.) 
The splitting constants of hydrogen atoms a to a carbon atom con­
taining an unpaired electron in a p orbital (77, 78) can be related 
0 
c c H 
Ô 
77 78 
H 
to the spin density at that carbon atom using Equation 1. a^ is the 
hfsc for the a-hydrogen (the bridgehead hydrogens in 7^ and IJ, B is a 
H 2 
a^ = Bp<cos 0> (Eqn. 1) 
constant, p is the spin density at carbon (Cg or in ^  and jL), and 
0 is the angle between the p orbital containing the unpaired electron 
2 
and the C-H bond (29). Assuming that 0 (and, consequently, <cos 0>) 
H H 
remains constant in going from 3^ to a^ (20)/a^ (1_) = o(20) / o(l), 
IJ 
and the smaller value of a for the bridgehead hydrogens in the semi-
dithione must be due to lower spin density at carbons 2 and 3. 
The exo hydrogens at carbons 5 and 6 (g-hydrogens) show the same 
H H H decrease in a in going from ^  to 2^. Since a^ (20) /a^ (J.) = 
a^^(20)/a^^(l) = p(20)/p(l), the magnitude of a^^ must also be some 
H H linear function of p. The equivalence of the ratios a^ (20)/a^ (_1) and 
H H 
Bg (29)/ap (76) indicates that the shift of spin density away from 
68 
carbon (more toward sulfur) in going from semidione to semidithione is 
of like magnitude in both the bicyclo[2.2.1]heptane and bicyclo[2.2.2]-
octane systems. 
In both _1 and 20^, the bridgehead hydrogens and exo hydrogens 
happen to be equivalent. This equivalence is lost in 7^ due to changes 
in geometry of the system caused by the presence of the methyl groups. 
Under high resolution, hyperfine splitting constants of a^ = 3.01 G 
H 
and a = 2.08 G are observed for the exo hydrogens and the one bridge­
head hydrogen, respectively. Had the ESR spectrum for semidithione 
been more highly resolved, observed splitting constants of a^ = 
(3.01 G)(0.55) = 1.7 G and a^ = (2.08 G)(0.55) = 1.1 G would have been 
expected for the exo and bridgehead hydrogens, respectively. 
The ratio a^(20)/a^(l) is larger for than for the exo 
H 1/2 1/2 2 
and bridgehead hydrogens, a is a function of [(p ) + (p_ ) ] , 
/a ^2 1^3 
where the sum is used when, for the HOMO, the coefficients of the 
atomic orbitals at C2 and Cg are of like sign and the difference is 
used when the coefficients are of opposite sign (2). Because this 
relationship is not a linear one with respect to p, different a^ ratios 
are observed for H^^ and or 
The important feature of a^^^ is that it is large, which is the 
result expected because of the symmetry of the semidithione spin-label 
with respect to Cg and C^. The observation of the large H^^ hfsc serves 
as a reassurance that the large splitting effect may be seen in radical 
anions other than those with oxygen-containing spin-labels. 
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Although the monothlosemldione spin-label Is symmetric with 
respect to and in relation to its HOMO, it is not symmetric in 
relation to atoms. This property gives rise to a trend which cannot 
be observed with symmetric (in relation to atoms) spin-labels. 
Table V lists the spin densities calculated for carbons 2 and 3 
in the semidiones and monothiosemidiones listed below. The values 
were calculated using Equation 1, with B = 40 gauss (29), 0 = 68° for 
42 43a 
37 38 
CH 3^ 
39a 
the bicyclic systems, 0 = 30° for the monocyclic systems, and 0 = 45° 
H H for the acyclic systems, a^ and ag refer to the splitting constants 
of the hydrogens a to the carbon on the oxygen side and on the sulfur 
side, respectively, and and p^g refer to the spin densities at 
carbon next to oxygen and carbon next to sulfur, respectively. P^-q^ is 
the total spin density on carbons 2 and 3 and is equal to 2 X for 
semidiones and equal to p^^ + p^g for monothiosemidiones. 
70 
Table V. Calculated spin densities at carbons 2 and 3 in 
semidiones and monothiosemidiones 
H H 
Anion a. a„ p„ p„_ p. 0 S "^CO ^CS ^tot 
1 2.43 0.43 0.86 
^ 9.82 0.33 0.66 
43a 5.6 0.28 0.56 
37 1.3 2.6 0.23 0.46 0.69 
38 4.80 11.45 0.16 0.38 0.54 
39a 2.10 7.65 0.11 0.38 0.49 
In going from bicyclic to monocyclic to acyclic semidione, the 
spin density at carbons 2 and 3 decreases. The same decrease in total 
spin density is observed in the monothiosemidiones. However, a shift 
of spin density toward the sulfur side of the spin-label is also 
observed, indicating that reasonance structure 79a becomes more impor­
tant relative to 79b, but 79a and 79b together become less important 
relative to 79c and 79d together. 
Rv^S RsyS' 
R-^^O R^^O" R'^Q- R'-^O* 
79a 79b 79c 79d 
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Looking at the decrease In for both the semldlones and mono-
thiosemldlones Is another way of viewing the problem of whether the 
observed butane-2,3-inonothlosemldione (39) has the els or trans 
structure. The cis semldlone (43b) has a calculated slightly 
greater than that of cyclohexanesemldlone (42), and If the cls-butane-
2,3-monothlosemldione (39b) were seen, it would probably have p^^^ 
greater than p^^^ for cyclohexanemonothlosemidlone (38). Thus, the 
trans structure (39a) is again indicated. 
Bicyclo[2.2.1]heptane-2,3-monothlosemidione (37) shows the 
expected large hyperfine splitting constant for Its value is 
between the values of the hfsc for in the corresponding semldlone 1^ 
and semidithione which is the logical result if 37^ is considered 
a "cross" between 1 and 20. 
6.54 G 
1 37 20 
Semldithiones and monothiosemldiones, while providing additional 
examples of radical anions which show a large hfsc for were 
not the systems initially desired for study. Although the original 
target radical cation JUL was never observed, radical cations ^  and ^  
do fulfill the original requirement of showing a large hyperfine 
splitting constant for in a cationlc system having the unpaired 
72 
+ • 
11 54 
electron in a molecular orbital symmetric with respect to a plane bi­
secting the Cg-Cg bond and the methano bridge. 
It is true that the values of the hfsc for (a^ = 2.75 G in 53 /a — 
y 
and a = 2.3 G in 54) are quite a bit smaller than the corresponding 
value in semidione 1 (a^ = 6.54 G), but the difference is due to much 
lower spin density at carbons 2 and 3 in the cations. The usual signs 
of a HOMO symmetric with respect to C2 and are present in both 
cationic systems. The bridgehead and exo hydrogens have equal splitting 
H H 
constants (a = 0.90 G in ^  and a = 0.8 G in 54), the values of 
which are about one third the values of the respective splitting 
constants. The splitting constants, then, are defined as "large" 
in comparison to the bridgehead and exo values and not "large" in 
terras of absolute values. 
Comparison to the exo value seems especially appropriate, since 
both the splitting and splitting arise via homohyperconju-
gation (structures ^  and ^ ). The variable spin polarization contri­
bution to the splitting and the difference In how a^^^^ and a^^^ 
H H depend on spin density at and make the ratio a^^ 
slightly, but its value is always close to 3. 
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H- H-
H-
80 
0" 
3b 
0" 
3a 
Huckel molecular orbital calculations predict that both the 
dithiete and dithiin radical cations ^  and 5^ should have HOMO's 
symmetric with respect to Cg and C^, as should the elusive 11. Using 
values of + l.Og^^ and = 0.6B^^ for the dithiin and dithiole 
radical cations (30), the calculated spin density at carbons 2 and 3 is 
p = 0.125 for the dithiin and p = 0.25 for the dithiole. For the 
dithiete, values of otg = + 0.2$^^, = 0.6B^^, and ggg = 0.36^^ 
were employed (31, 32), resulting in a value of p = 0.15 at and . 
(In agreement with the numbering system described previously, carbons 
2 and 3 are the carbon atoms shared by the spin-label and the parent 
system and do not necessarily correspond to the carbons normally given 
those designations in numbering the spin-label itself.) 
Table VI lists the calculated molecular orbital coefficients for 
the dithiete system. A symmetric HOMO, for the dithiete radical 
cation results only if ggg is very low. This low ggg value essentially 
gives more butadiene-like character to the dithiete system and reduces 
its cyclobutadiene-like character. Although ggg may well be only about 
30% of ggç, another reason may exist for the symmetry which has been 
assigned to the molecular orbital containing the unpaired electron on 
the basis of experimental evidence. 
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Table VI. Molecular orbital coefficients for dithiete 
MO <1 =2 C3 =4 Symmetry 
0.39 0.59 0.59 0.39 S 
^2 -0.63 -0.32 0.32 0.63 A 
^3 0.59 -0.39 -0.39 0.59 S 
0.32 -0.63 0.63 -0.32 A 
One alternative explanation is that the dithiete radical cation 
is a a-species rather than a vr-species. The unpaired electron might 
reside in the a-S,S bond, a symmetric molecular orbital. A a-radical 
2 
cation such as this should not display a <cos 0 >  relationship for 
hyperfine splitting by hydrogens a to the dithiete system. However, 
there is no evidence that the hyperfine splitting constants of a-
2 hydrogens in dithiete radical cations do not exhibit a < cos 0 > 
dependence. 
In the bicyclo[2.2.1]heptane-2,3-semidione (_1) , for example, the 
ratio a^^ /a^ , where is a bridgehead hydrogen, is equal to 6.5/2.4 = 
2,7. In _54 the ratio is 2.3/0.8 = 2.9, and in 5^ it is 2.75/0.90 = 3.1. 
One cannot avoid the conclusion that the unpaired electrons in the 
semidione, dithiin radical cation, and dithiete radical cation are all 
in molecular orbitals of similar symmetry and nature; that is, all are 
TT-systems. 
75 
Table VII lists the values of spin density at C„ and C„, calcu­
lated using Equation 1, for the radical cations shown below. A value 
of B = 80 gauss was used (29), and, as in the calculations for the 
corresponding semidiones and raonothiosemidiones, 0 = 68° in the bicyclic 
systems, 0 = 30° in the cyclohexane systems, 0 = 45° in the dimethyl 
systems, ag^  = the hfsc for the hydrogen a to the carbon to which 
sulfur is attached, and p^g = the spin density at the carbon to which 
sulfur is attached. 
It can be seen that the values for p calculated by the molecular 
orbital method are higher than those given in Table VII, but they agree 
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Table VII. Calculated spin densities at carbons 2 and 3 in 
radical cations 
Cation H 
*8 Pes 
13 0.90 0.080 
13 3.04 0.051 
55 2.19 0.055 
54 0.8 0.07 
M 2.88 0.048 
56 2.10 0.053 
12 8.75 . 0.15 
81 6.15^ 0.15 
^Reference 9. 
well as far as predicting that spin density at C2 and in the dithiete 
should be slightly higher than in the dithiin and quite a bit lower 
than in the dithiole. 
One more comment should be made on the bicyclic dithiin radical 
cation. It has been drawn as structure 5^, but ^  is also a possible 
54 82 
77 
structure. ^ and 82^ would probably have identical g-factors, as do 58^ 
and and equal (or certainly very nearly equal) hyperfine splitting 
constants. Therefore, it cannot be determined whether the signal seen 
for the bicyclic dithiin radical cation is due to 8^, or a mixture 
of both. The cation is represented as ^  strictly for the sake of 
convenience. 
The fact that dithiete radical cations could be formed from 1,2-
dithiols in sulfuric acid was a welcome discovery because the bicyclic 
dithiete radical cation ^  could not be generated by the method 
previously used for other dithiete radical cations (a-diketone or 
a-hydroxyketone plus NagS in HgSO^). 2,3-Butanedithiol and 1,2-
propanedithiol gave dithiete radical cations ^  and respectively, 
in sulfuric acid, indicating that the dithiol to dithiete radical 
cation reaction is a general one, but 1,2-ethanedithiol did not follow 
the pattern, giving the 1,2-dithietane radical cation (62). 
CH 3 
58 59 
SH S 
53 
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CH, 
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H 
57 
14-# 
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A possible mechanism for formation of a dithiete radical cation 
(87) from a 1,2-dithiol is shown in Scheme XII. Acyclic radical cations 
Scheme XII 
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similar to ^  have been observed by irradiation of thiols at low 
temperature (33) and by oxidation of disulfides in a flow system (34), 
and both cyclic and bicyclic analogs have also been observed (24, 25, 
35). With excess oxidant, dications such as 84 have been formed and 
are believed to decompose by the route shown in step 8^ (36). 
One explanation for the failure of 1,2-ethanedithiol to form 
dithiete radical cation is that step ^ does not occur when 
R = hydrogen. With R = H, a sulfur atom rather than a carbon atom 
loses a proton, and subsequently the other sulfur atom is deprotonated. 
The dithietane (70) formed is then oxidized to its radical cation 62 
(Scheme XIII). 
Scheme XIII 
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A second possibility is that ^  does form when R = H but it reacts 
rapidly with 1,2-ethanedithiol producing 2,3-dihydro-l,4-dithiin (88). 
88 could react further with 1,2-ethanedithiol, eventually producing the 
2 2' 
A ' -bi-1,3-dithiolane radical cation ^  (Scheme XIV). ^ itself in 
sulfuric acid gives rise to making it a likely intermediate in the 
f o r m a t i o n  o f  6 ^  f r o m  1 , 2 - e t h a n e d i t h i o l .  T h e  s e q u e n c e  ^ ^ — >  
91 ^§2. been observed when 89^ is electrolytically oxidized (37) 
and could also be part of the pathway leading to radical cation 65. 
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A cation corresponding to ^  could not form when R f H, making 
this a "dead end" pathway for other dithiols. 
The dithiolanes made from 1,2-dithiols and acetone produce the 
same signals in sulfuric acid as do the dithiols themselves, indicating 
that in acid the dithiolanes are hydrolyzed back to the dithiols. The 
bis(methyl sulfide) analogs of dithiols, however, fail to give ESR 
signals in HgSO^. The failure is probably due to step 8^ > 86, which 
would not occur if the thiocarbonyl group of ^  were methylated rather 
than protonated. 
The formation of 1,2-dithietane radical cation (62) is interesting 
in that 1,2-dithietane itself is not stable but rapidly polymerizes, as 
does 1,2-dithiolane (72), which also forms a stable radical cation (67) 
(Scheme XV). A consideration of molecular orbitals in _72 indicates that 
67 should form readily (38). 
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Disulfides may be viewed as having one lone pair of electrons on 
each sulfur atom occupying a p orbital while the other lone pair 
occupies the 3s orbital. Repulsion is least when the angle 4) between 
the two p orbitals is 90°; therefore, most disulfides R^-S-S-Rg exist 
in a shape in which the dihedral angle between the R^-S-S plane and the 
S-S-Rg plane is about 90°. In 1,2-dithiolane (72), the angle 4) is 
close to 0°, resulting in maximum repulsion. By forming a linear 
polymer (73), the preferred disulfide conformation may be assumed. 
However, in the radical cation the most stable conformation is the 
one in which 4 = 0° (39). The cyclic radical cation should be pre­
ferred over the polymeric form, and, indeed, radical cation is 
formed from polymer _73 in sulfuric acid. 
1,2-Dithietane (70) is planar with <j) = 0° and thus polymerizes, 
but its radical cation is also expected to be preferred over an acyclic 
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radical cation, and the 1,2-dithietane radical cation (62) does form 
from the polymer 21 in sulfuric acid. 
Benzyl mercaptan was the only monothiol which formed a disulfide 
radical cation. The signal was very weak and could possibly have been 
due to the initial presence of benzyl disulfide rather than to the 
formation of disulfide radical cation from mercaptan. In either case, 
the failure to see more disulfide radical cations was not surprising, 
considering the fact that disulfide radical cations are usually 
observed at low temperature and decompose if the temperature is raised 
(40-48). Thiophenol, jg-thiocresol, and diphenyl disulfide, which do 
give ESR signals in sulfuric acid at room temperature, do not appear 
to form disulfide radical cations (49-52) . 
The splitting constants for the disulfide radical cations do not 
2 
appear to follow the p<cos 0> relationship of Equation 1. Chambers 
2 2' 
and coworkers have made the same observation for the A ' -bi-1,3-
dithiolane radical cation (65) in relation to other sulfur-containing 
radical cations (26). 
Table VIII lists the calculated (using Equation 1) B values for the 
radical cations shown below. The wide range of B values indicates 
H 2 
that there is no simple relationship between a^ and p<cos Q> for 
hydrogens which are a to a sulfur atom containing an unpaired electron 
in a p orbital. 
Geske and Merritt (53) have claimed that various substituted 
2 tetrathioethylenes such as £4 do follow a p<cos 0> relationship at low 
'HOS 
S^HD 
'HDS 
O 
'HDS 
'HDS 
'HDS 
<76 99 
^HDS S^HD 
x. 
^HDS S^HD 
,Sx. "HD 
C6 36 
ID^HM TD^HN 
HOODHD^HDS—S^HDHDDOOH 
• + 
^HDS—S^HD 
• + 
£9 Z9 
D 
E8 
84 
Table VIII. Calculated B values for some radical cations 
H 2 Cation a pg <cos 0> B Reference 
62 3.7 0.50 0.75 9.9 
§1 10.00 0.50 0.75 27 
74 1.4 0.50 0.50* 5.6 
0.75 3.7 
0.25 11 
92 7.7 0.50 0.50 31 48 
ÎA 6.57^ 0.50 0.40 33 47 
2.85 0.50 0.17 34 
2.40 0.19 0.75 17 26 
M 3.50 0.36^ 0.75 13 
2.69 0.19 0.50 28 53 
95 5.42 0.30 0.50 36 54 
96 2.57 0.13 0.50 40 55 
^<cos^ 0>  = 0.50 for a freely rotating -CHg# group. <cos^ 0>  =  
0.75 and 0.25 are the two extremes if -05^0 has a conformational 
preference. 
^'Two sets of two equivalent hydrogens were observed. 
'^Calculated using Pg = (1.0 - Pp)/2, where p^ was determined 
using Equation 1, with a^ = 5.55 G for the methyl groups. 
85 
temperature, and Zweig and Hodgson (55) have made the same claim for 
95 and 9^. By grouping and ^  together and ^  and 9^ together (or 
2 94-96), an argument could be made for a pccos 0> relationship being 
followed among very similar compounds. The lower B values, compared to 
the value of 80 gauss used for hydrogens a to carbon containing the 
unpaired electron, could then be explained in terms of poorer ir overlap 
in 97 than in 98. 
97a 97b 98a 98b 
However, a closer look at the groups (65, 66) and (94-96) reveals 
why the B values calculated within each group are of approximately the 
2 
same magnitude. Within each group, <cos 0> remains constant, and the 
H 
results indicate only that a does depend linearly on p. When only p 
2 is varied and <cos 0> remains constant, no valid conclusion on the 
dependence of a^ upon <cos^ 0> can be drawn. Consideration of both 
groups (^, 66) and (94-96) clearly indicates that whatever the de-
H 2 pendence of a on 0, it is not a <cos 0> dependence. 
For the disulfide radical cations, as well, no linear dependence 
2 
on <cos 0> is indicated. ^ and b2_ would be expected to exhibit hyper-
fine splitting constants of about equal magnitude, and even taking the 
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extreme values of <cos 0> for 74, the calculated B value is much 
smaller than that for ^  or 93. 
The disulfide radical cations have been pictured as having the 
unpaired electron in a p orbital on sulfur. Perhaps the assumption that 
the unpaired electron occupies a pure sulfur 3p orbital is not a valid 
one. Calculations on hydrogen persulfide (HSSH) indicate that as 
rotation about the S-S bond occurs to go from the cis to the trans 
form (99 > 100), the p orbitals are hybridized by mixing with the 
3s orbitals (39). 
S  ^S s S I ' I I H  
H 
12. 100 101 
The preferred conformation for disulfides is that corresponding 
to 101, but if rotation about the S-S bond occurred in the radical 
cations, the a hydrogens in ^ 4 and 92^, for example, would feel an 
averaged effect of the changes in hybridization of the orbital con­
taining the unpaired electron. If rotation occurred more readily 
in than in 92, the a hydrogens in each might not "see" the same 
averaged picture. Rotation about the S-S bond could also occur more 
easily in the five-membered ring of than in the four-membered ring 
of 62; consequently, the a hydrogens in these radical cations would 
not "see" the same averaged hybridization of the sulfur orbital. 
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Disulfide radical cations 9^ and 9^ were observed as single 
crystals at low temperature, and very little rotation about the S-S 
bond should occur in these species. Assuming that they both exist in 
the same conformation in the crystalline state (and, therefore, sulfur 
orbital hybridization is the same in both), the nearly equal B values 
2 H for 92^ and 93^ do appear to indicate a <cos 0> dependence for a . It 
is not certain, however, whether this dependence would also be observed 
for radical cations in solution, even if two or more species did 
< exhibit the same average hybridization. 
The unpredictability of the values of hyperfine splitting 
constants for disulfide radical cations, then, is due to two factors. 
One is the changing hybridization of the orbital containing the un­
paired electron on sulfur. The other is the possible lack of a 
2  H 
<cos 0> dependence for a , as in the case of 66, and 94-96, 
even when the sulfur orbital hybridization does remain unchanged. 
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SUMMARY 
In the bicyclo[2.2.1]heptane system, the following radical ions 
were prepared: semidithione, monothiosemidione, dithiete radical 
cation, and dithiin radical cation. All exhibited a large hyperfine 
splitting by hydrogen in the 7-anti position. The large splitting 
was expected in all cases due to the symmetry of the HOMO of each 
spin-label with respect to a plane bisecting the Cg-C^ bond in the 
bicyclic system. The differences in values of splitting constants in 
the various radical ions could be related to differences in spin 
density at carbons 2 and 3, 
Monothiosemidiones, dithiete radical cations, and dithiin radical 
cations were also prepared in the cyclohexane and butane systems. 
The differences in spin density at and in these systems were 
the same as those noted for the bicyclic radical ions. 
Bicyclo[2.2.1]heptane-2,3-dithiol, 2,3-butanedithiol, and 1,2-
propanedithiol produced dithiete radical cations in sulfuric acid, 
while 1,2-ethanedithiol and 1,3-propanedithiol gave cyclic disulfide 
radical cations. Benzyl disulfide radical cation was obtained from 
benzyl mercaptan. The splitting constants for the disulfide radical 
cations and several other sulfur-containing radical cations did not 
fit the a^ « p<cos^ 0> relationship observed for hfsc of hydrogens a 
to a carbon atom containing an unpaired electron. For the disulfides, 
the inconsistency was believed to be due in part to changes in hybridi­
zation of the orbital on sulfur occupied by the unpaired electron. 
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EXPERIMENTAL 
Instrumentation 
ESR spectra were recorded on a Varian E-3 spectrometer. NMR 
spectra were recorded on a Varian A60 spectrometer. Melting points 
were determined using a Thomas-Hoover melting point apparatus. 
Generation of Radical Cations and Anions 
Radical cations were generated by addition of concentrated sul­
furic acid to the precursor to give 0,05 - 1.0 M solutions. When 
acetone or sodium sulfide was needed, it was mixed with the precursor 
before addition of the acid. 
Radical anions were generated by mixing bubble-deoxygenated 
solutions (0.1 - 1.0 M) of the precursor in dimethyl sulfoxide 
(distilled from CaHg at reduced pressure and stored over molecular 
sieves) and potassium _t-butoxide (purified by sublimation at reduced 
pressure) in dimethyl sulfoxide as described by Holland (56). 
Flow experiments were performed as described by Schmitt (57). 
Electrolytic experiments were carried out in fused silica flat cells 
with platinum electrodes using dimethyl formamide (distilled from 
CaHg and stored over molecular sieves) as solvent and tetrabutyl-
ammonium perchlorate (0.1 M) as supporting electrolyte. Electrolytic 
solutions were deoxygenated by nitrogen or argon bubbling for 20 -
30 minutes. 
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Determination of g-Factors 
g-Factors were determined by measuring the difference in gauss 
between the centers of the signals of a radical ion of known g-factor 
and of the radical ion whose g-factor was to be determined. The 
relationship gg = (H^ + AH) was used, where g^ is the known 
g-factor and is the field, in gauss, corresponding to the center 
of the known signal. H values corresponded to the field setting on 
the ESR spectrometer. The radical ion of known g-factor was always 
present in solution with the radical ion of unknown g-factor. 
Butane-2,3-monothiosemidione (39a) and 2,5-dimethyl-l,4-
semibenzoquinone (45) could be detected simultaneously, as could 
pentane-2-thio-2,3-semidione (44) and tetramethyl-1,4-semibenzo-
quinone (46). 
The ultimate standard for the determination of all radical 
2 2 ' 
cation g-factors was the A ' -bi-1,3-dithiolane radical cation (65), 
generated from 2,3-dihydro-l,4-dithiin (88) in sulfuric acid. A 
solution of the 1,2-dithiolane radical cation (67) was mixed with a 
solution of 6^ in order to find its g-factor, and the 1,2-dithiolane 
radical cation (67) could subsequently be used as a standard itself. 
67 was useful in determining the g-factors of dithiin radical cations, 
which were conveniently generated free of the corresponding dithiete 
radical cations from a-mercaptoketones. Dithiete radical cation g-
factors could then be measured using the corresponding dithiin radical 
cations as knowns after generating the dithiete and dithiin radical 
cations together. 
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g-Factors taken as previously known values (values determined by 
someone other than this author) were those of bicyclo[2.2.1]heptane-
2,3-semidithione (20), bicyclo[2.2.1]heptane-2,3-monothiosemidione (37), 
2,5-dimethyl-l,4-semibenzoquinone (45) (28), tetramethyl-l,4-semi-
2 2' benzoquinone (46) (21), and A ' -bi-1,3-dlthiolane radical cation 
(65) (26). 
Preparation of Compounds 
General procedure for synthesis of thiophosphoric esters 
A 0.2 M solution of diketone in xylene was refluxed with 2 to 
3 mole equivalents of for 2 1/2 hours, cooled, and filtered (11). 
After the solvent was removed ^  vacuo, the residue was chromatographed 
on silica gel (2 g/mmol of starting diketone), using first CCl^, then 
benzene as eluent. The yellowish fraction was saved and evaporated, 
giving a resinous product. 
Tetrachloroethylene carbonate 
Tetrachloroethylene carbonate was prepared by Holland's method 
(56). Ethylene carbonate (100.0 g, 1.14 mol) and benzoyl peroxide 
(1.1 g) were dissolved in 500 ml of CCl^ in a photolysis cell equipped 
with magnetic stirring bar, cold finger, and gas inlet tube. Chlorine 
was bubbled through the stirred solution while it was irradiated with 
a sun lamp. Reaction was continued until the solution showed no NMR 
signal. The solution was dried over anhydrous MgSO^, CCl^ was removed 
in vacuo, and the residue was distilled, giving a colorless liquid, 
bp 64-66°/15 torr, weighing 214.30 g (83%). [Lit. bp 52°/7 torr (58)] 
92 
Dlchlorovinylene carbonate 
70.2 g (0.310 mol) of tetrachloroethylene carbonate was stirred 
with zinc-copper couple (prepared by stirring 45 g of zinc with 1.5 g 
of copper(II) acetate) in 150 ml of refluxing ether containing 5 ml 
of DMF for 18 hours. The solution was filtered, washed with 25 ml 
of HgO, and dried over MgSO^. The ether was removed and the residue 
distilled to give a colorless liquid, bp 54-58°/15 torr, which 
separated into two layers. The bottom layer was dichlorovinylene 
carbonate, weighing 31.2 g (65%). [Lit. bp 39-40°/10 torr (59)] 
exo,cis-2,3-Dichlorobicyclo[2.2.1]hept-5-ene-endo,cis-2,3-
diol carbonate 
This compound was prepared according to the procedure of Scharf 
and Kusters (60). Freshly distilled cyclopentadiene (9.78 g, 148 mmol) 
was reacted with 7.63 g (49.2 mmol) of dichlorovinylene carbonate in 
portions. The carbonate and one third of the cyclopentadiene were 
heated in 15 ml of xylene at reflux for one hour. The solution was 
cooled and the addition and refluxing were repeated two more times. 
Vacuum distillation gave one fraction, bp 26-40°/0.15 torr, which 
contained starting material and solvent, and a second fraction, bp 
68-115°/0.15 torr, which solidified upon cooling. The solid was 
recrystallized from CHgClg-pentane to give 4.24 g (39%) of the bicyclic 
dichlorocarbonate, mp 143.5-144°. [Lit. mp 148° (60)] 
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Blcy do [2.2.1] hep t-5-ene- 2,3-dione 
3.00 g (13.6 mmol) of exo,cis-2,3-dichloroblcyclo[2.2.1]hept-5-
ene-endo,cls-2,3-diol carbonate in 30 ml of ether was stirred overnight 
with a solution of 3.0 g of KOH in water. Continuous ether extraction 
of the mixture followed by removal of the ether left an orange oil 
which was vacuum distilled, bp 65-80°/0.1 torr. The resulting oil was 
chromatographed on 100 g of silica gel, with elution first by CHgClg, 
then by 20:80 (v:v) ether:CH2Cl2» and the product was sublimed at 
58°/0.1 torr to give 0.58 g (35%) of the dione as an orange solid, 
mp 31-33°. [Lit. mp 43° (60)] 
Dibromoethylene carbonate 
To a stirred, refluxing mixture of vinylene carbonate (31.9 g, 
0.370 mol) in 150 ml of CCl^ was added 59 g (0.37 mol) of bromine in 
20 ml of CCl^. Addition took four hours, and refluxing was continued 
for four more hours. The CCl^ was distilled off and the residue 
vacuum distilled to give 85.3 g (94%) of a colorless liquid, bp 56-
64°/0.2 torr [lit. bp 93-102°/12 torr (61)], which crystallized to a 
colorless solid, mp 26.5-28.5°. 
Bromovinylene carbonate 
Triethylamlne (34.5 g, 0.341 mol) in 100 ml of absolute ether 
was added over 3 hours to a refluxing mixture of dibromoethylene car­
bonate (84.0 g, 0,341 mol) in 300 ml of absolute ether. Refluxing was 
continued for 22 hours, the amine hydrobromide was filtered off, the 
ether was removed by distillation, and the residue was distilled to 
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give 10.4 g of colorless liquid, bp 68-77*/19 torr [lit. bp 60-65°/ll 
torr (62)], which froze in the condenser. The product contained about 
86% bromovinylene carbonate. (Yield = 16%) 
2-Bromobicyclo[2.2.l]hept-5-ene-endo,cis-2,3-diol carbonate 
4.7 g (28 mmol) of bromovinylene carbonate and 2.0 g (30 mmol) of 
freshly-distilled cyclopentadiene were dissolved in 10 ml of diethylene 
glycol diethyl ether, and the solution was refluxed for 45 minutes, 
then cooled. Another 2.0 g of cyclopentadiene was added, the solution 
was refluxed for 45 minutes, and a third 2.0-g portion of cyclopenta­
diene was added. The solution was refluxed for 1.5 hours and vacuum 
distilled to give a greenish liquid, bp 60-98°/0.15 torr, which 
crystallized on cooling. The solid was recrystallized from CHgClg-
hexane to give 2.4 g (35%) of the adduct, mp 72.5-75.0° [lit. mp 76.5° 
(63)]. 
ehdo-3-Hydroxybicyclo[2.2.1]hept-5-en-2-one 
2-Bromobicyclo[2.2.l]hept-5-ene-endo,cis-2,3-diol carbonate (2.4 g, 
10 mmol) in 25 ml of ether and potassium hydroxide (2.5 g, 45 mmol) in 
25 ml of water were rapidly stirred together at room temperature for 
2 hours. The layers were separated and the aqueous layer was washed 
five times with CHgClg. The combined organic layers were dried over 
MgSO^, the solvent was removed, and the residue was recrystallized from 
CHgClg-hexane to give a white, flaky solid, mp 97-100° [lit. mp 101-
103° (64)]. 
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Bicyclo[2.2.l]heptane-2,3-dione (18) 
10.8 g (98 mmol) of norcamphor and 11.1 g (100 nunol) of selenium 
dioxide were stirred in 40 ml of refluxing xylene for 4 hours. The 
selenium formed was filtered off, the xylene was removed by distillation, 
and the residue was vacuum distilled, giving an orangish liquid, bp 140-
150°/0.2 torr, which subsequently solidified. After two sublimations 
the still impure solid was chromatographed on 100 g of silica gel, 
with chloroform as eluent. A yellow liquid (18), which solidified 
after several weeks, was obtained in 14% yield (1.67 g). In agreement 
with the results of Chang (65), the solid did not have the well-defined 
melting point reported by Alder, et al. (66). 
Thiophosphoric ester of bicyclo[2.2.1]hept-2-ene-2,3-
dithiol (jj) 
Bicyclo[2.2.l]heptane-2,3-dione (0.86 g, 6.9 mmol) reacted by the 
general method gave a 20% yield of the resinous thioester. 
Thiophosphoric ester of cyclohexene-l,2-dithiol (24) 
Cyclohexane-l,2-dione (1.5 g, 12 mmol) reacted.by the general 
method gave 0.16 g (6%) of the thioester as an amber resin. 
1-(N-Morpholino)cyclohexene 
46.8 g (0.537 mol) of morpholine and 52.8 g (0.538 mol) of 
cyclohexanone were stirred for 20 1/2 hours in refluxing benzene while 
the water formed was collected in a Dean-Stark trap. The solution was 
filtered and dried over MgSO^ and the benzene was evaporated, leaving an 
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orangish oil which was distilled to give 55.9 g (62%) of the enamine 
as a colorless liquid, bp 75-83°/0.1 torr. [Lit. bp 117-20°/10 torr 
(67)] 
4,5-Tetramethylene-l,3-dithiole-2-thione (25) 
The procedure of Grunwell and Willett was used (15). 25.5 g 
(0.150 mol) of l-(N-morpholino)cyclohexene was added to a solution of 
40 ml of dioxane and 40 ml of triethylamine under N^, the solution was 
stirred for 10 minutes, and 37.3 g (0.150 mol) of tetramethylthiuram 
disulfide was added. The mixture was stirred for 4.5 hours, after 
which time all of the tetramethylthiuram disulfide had dissolved. 
As hydrogen sulfide was bubbled through the solution, a precipitate 
formed and it became necessary to add more dioxane to the mixture. 
The addition of H^S was continued for 4 hours, after which time the 
precipitate was filtered and washed with benzene until white. The 
solvent was removed from the filtrate and the resulting solid was 
chromatographed on 175 g of neutral Woelm alumina, with benzene as the 
eluent. The yellow solid obtained was recrystallized from CHgClg-
hexane to give 7.0 g (25%) of mp 80-82°. [Lit. mp 83° (17)] 
4,5-Tetramethylene-l,3-dithiole-2-one (26) 
The procedure of Kardouche and Owen (68) was used. Trithiocar-
bonate ^  (3.6 g, 18 mmol) and 14.5 g (46 mmol) of mercuric acetate were 
stirred in 180 ml of acetic acid at 60° for 4.5 hours. Chloroform 
(360 ml) was added, the mixture was filtered, and the filtrate was 
washed twice with water and then with 5% NaHCO^. The basic layer was 
97 
washed with CHCl^» the combined CHCl^ layers were dried over MgSO^, 
and the solvent was removed i^ vacuo. Recrystallization of the 
residue from CHgClg-hexane gave 1.84 g (56%) of white needles, mp 
31.0-31.8°. [Lit. mp 33° (69)] 
Thiophosphoric ester of 1,7,7-trimethylbicyclo[2.2.l]hept-
2-ene-2,3-dithiol (27) 
Camphorquinone (2.0 g, 12 mmol) reacted by the general method gave 
a 22% yield of orange resin which eventually solidified but did not 
have a definite melting point. 
Bicyclo[2.2.2]octan-2-ol 
The procedure used was that of Brown, ^  (70) . Mercuric 
acetate (14.8 g, 46.4 mmol) was stirred in 46 ml of water until 
dissolved, and 46 ml of THF was added to produce a yellow precipitate. 
Bicyclo[2.2.2]oct-2-ene (5.00 g, 46.2 mmol) was added as a solid, the 
flask was stoppered, and the solution was stirred for 25 minutes. 
Sodium hydroxide (46 ml, 3 M soin) was added followed by 46 ml of 
0.50 M NaBH^ in 3 M NaOH, and the mixture was stirred for one hour 
until the mercury had coagulated. The solution was decanted and ex­
tracted twice with benzene, and the combined benzene layers were washed 
with sat. NaCl, dried over MgSO^, and evaporated. Recrystallization 
of the resulting solid gave 4.1 g (70%) of a white powder which sub­
limed rapidly at 195°. [Lit. mp 216-217° (71)] 
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Bicyclo[2.2.2]octanone 
To 41 g (0.52 mol) of pyridine in 300 ml of dry CHgClg was 
added 26 g (0.26 mol) of chromium trioxide, and the solution was 
stirred for 20 minutes. Bicyclo[2.2.2]octan-2-ol (4.1 g, 0.032 mol) 
was added and the solution was stirred for an additional 20 minutes, 
filtered, washed with 5% NaHCO^, twice with 5% HCl, with 5% NaHCO^» 
and with water, and dried over MgSO^. The solvent was removed and the 
residue chromatographed on 50 g of silica gel, with elution first by 
CCl^, then by CHCl^. The chloroform fraction gave a white solid which 
was recrystallized from CHgClg-hexane to give 1.94 g (49%) of white 
powder, mp 169-172°. [Lit. mp 178-179° (72)] 
Bicyclo[2.2.2]octane-2,3-dione 
1.94 g (15.6 mmol) of bicyclo[2.2.2]octanone and 1.73 g (15.6 
mmol) of selenium dioxide were stirred in 10 ml of refluxing xylene 
for 3.5 hours. The solution was filtered, dried over MgSO^, and evapo­
rated, leaving a solid which was chromatographed on 50 g of silica 
gel, with first benzene, then CHCl^ as eluent. Evaporation of the 
liquid from the yellow fraction gave a solid which was sublimed under 
reduced pressure. Some unreacted monoketone sublimed along with the 
diketone, resulting in a product which did not have a sharp melting 
point [lit. mp 168° (73)]. (Yield = 24%) 
Thiophosphoric ester of bicyclo[2.2.2]oct-2-ene-2,3-dithiol 
Bicyclo[2.2.2]octane-2,3-dione was reacted by the general method to 
give a 30% yield of the ester as a yellow oil which hardened on standing. 
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4,5-Tetramethylene-l,2-dithiole (30) 
To 1.8 g (47 mmol) of lithium aluminum hydride stirred at 0° in 
25 ml of dry ether under nitrogen was added 7.0 g (37 mmol) of ^  in 
300 ml of ether. Addition took 20 minutes. The mixture was stirred 
overnight at 0°, poured into sat. NH^Cl solution, acidified with 10% 
HgSO^, and separated. The ether layer was washed with water, dried 
over MgSO^, and evaporated, leaving an oil which was distilled at 90-
100°/0.6 torr using a Hickman still. 2.7 g (46%) of yellowish liquid 
(30) was obtained. [Lit. bp 55°/0.1 torr (15)] 
3-(NjN-Dimethylthiocarbamoylmercapto)bicyclo[2.2.1]heptan-
2-one, exo-endo mixture (31) 
17.2 g (0.15 mol) of norcamphor in 75 ml of benzene was added 
dropwise over 35 minutes to 37.5 g (0.15 mol) of tetramethylthiuram 
disulfide in 150 ml of refluxing benzene. The solution was refluxed 
for 20 hours, cooled, filtered, washed twice with water, and dried 
over MgSO^. Removal of the solvent left an oil which was chromatographed 
about 4 g at a time on 100 g of silica gel, with elution by 50:50 (v:v) 
CCl^rbenzene, then by benzene. The desired product was the second 
fraction obtained and had to be eluted slowly in order to separate it 
from tetramethylthiourea, which was eluted third. Total yield was 
about 30% of dark yellow oil (31). 
NMR(CDCl2) S 4.88 (d, J = 4 Hz, C3 exo H), 4,23 (d, J = 4 Hz, 
endo H), 3.5 (m, 6, CH^), 2.6, 2.75, and 3.0 (m's, 2, H and H), 
and 1.5-1.9 (m's, 6, H, Cg H, and Cj H). 
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2-(N-Morpholino)bicyclo[2.2.l]hept-2-ene (32) 
The synthesis of ^  was repeated several times. In a typical run, 
0.10 mol of norcamphor and 0.15 mol of morpholine were refluxed under 
Ng in 100 ml of toluene while the water formed was collected in a Dean-
Stark trap. After one week, the toluene was distilled off and the 
residue was vacuum distilled to give a first fraction containing unre-
acted norcamphor and a second fraction, bp 64-73°/0.1 torr, containing 
the desired enamine in 50-60% yield. [Lit. bp 70-72°/0.5 torr (74)] 
3-Mercaptobicyclo[2.2.1]heptan-2-one, exo-endo mixture (35) 
10.1 g (44 mmol) of 3]^ and 7.0 g (180 mmol) of NaOH were stirred 
in 220 ml of methanol and 44 ml of water at reflux for 20 hours. The 
solution was acidified with 10% HCl to pH - 8, methylene chloride and 
water were added, and the layers were separated. The aqueous layer 
was washed again with CHgClg and the combined CHgClg layers were 
washed with water, dried over MgSO^, and evaporated to give 5.3 g 
(85%) of a brownish oil which was used without purification. 
3-(Acetylmercapto)bicyclo[2.2.l]heptan-2-one, exo-endo mixture (36) 
Mercaptoketone 35 (5.3 g, 37 mmol) was stirred in pyridine (15 g, 
190 mmol) and acetyl chloride (2.9 g, 37 mmol) was added dropwise. The 
solution was refluxed for 2.5 hours and excess 5% HCl was added. The 
solution was extracted twice with chloroform and the combined CHCl^ 
layers were washed with 5% HCl, water, 5% NaHCO^, and water and dried 
over MgSO^. Evaporation of the solvent left an oil which was chromato-
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graphed on 100 g of silica gel. Elution with benzene gave 2.0 g 
(29%) of the thiolacetate. 
NMR(CDCl^) 6 4.07 (d, J = 4.5 Hz, «ço H), 3.62 (d, J = 3.5 Hz, 
CJ endo H), 2.6 and 2.7 (m's, 2, H and H), 2.37 (s, 3, CH^), and 
1.5-1.9 (m's, 6, H, H, and H). 
2-(N,N-Dimethylthiocarbamoylmercapto)cyclohexanone (40) 
Cyclohexanone (9.86 g, 100 mraol) in 10 ml of benzene was added 
dropwise over 2 hours to 24.8 g (100 mmol) of tetramethylthiuram 
disulfide and 10 drops of acetic acid in 50 ml of refluxing benzene. 
Refluxing was continued for 1.5 hours after addition was complete, 
the solution was cooled, and the solid which formed was filtered off. 
Removal of the solvent and addition of ether gave, on cooling, a solid 
which was recrystallized from CH2Cl2-hexane to yield 4.06 g of ^  as 
a pale yellow powder, mp 104.5-108.5° [lit. mp 112-113° (75)], and a 
second crop of 1.93 g. (Total yield = 28%) 
Dimer of 2-mercaptocyclohexanone (41) 
Thiocarbamoylmercaptoketone ^  (0.31 g, 1.4 mmol) and sodium 
hydroxide (0.23 g, 5.8 mmol) were stirred in 7 ml of methanol and 1.4 
ml of water at reflux for 20 hours. The solution was brought to pH 8-9 
by addition of 10% HgSO^ and extracted twice with methylene chloride, 
and the combined CHgClg layers were washed twice with water and dried 
over MgSO^. Evaporation of the solvent and recrystallization of the 
resulting solid from CHCl^ gave 0.02 g (10%) of a white powder, mp 133-
138°. [Lit. mp 145-146° (76)] 
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3-Mercapto-2-butanone 
The procedure of Mcintosh and Masse was used (77). 3-Chloro-2-
butanone (10.7 g, 0.100 mol) in 13 ml of ethanol was added dropwise to 
a solution of 15 g (0.27 mol) of KOH in 60 ml of water saturated with 
HgS at 0°. The solution was allowed to warm to room temperature, stirred 
for an additional two hours, and extracted twice with ether. The 
combined ether layers were washed with water, dried over MgSO^, and 
evaporated, leaving an oil which was distilled to give 3.5 g (34%) 
of the mercaptoketone as a colorless liquid, bp 39-40°/10 torr. 
[Lit. bp 39°/8 torr (78)] 
2-Bromo-3-pentanone 
The procedure of Bauer and Macomber (79) was used. 3-Pentanone 
(10.0 g, 0.116 mol) was stirred in 200 ml of chloroform (50%)-ethyl 
acetate (50%) at 70-80° and cupric bromide (51.8 g, 0.232 mol) was 
added in portions over three hours. The mixture was stirred overnight 
and filtered. The solvent was removed vacuo, leaving a light brown 
oil. The oil was dissolved in ether and the solution was washed twice 
with water and twice with 5% NaHCO^ and dried over MgSO^. Evaporation 
of the solvent gave 13 g (68%) of an oil which was used without 
purification. 
2-Mercapto-3-pentanone 
Potassium hydroxide (13 g, 0.23 mol), HgS, and 2-bromo-3-pentanone 
(13 g, 0.079 mol) were reacted by the method used for preparation of 
3-mercapto-2-butanone. After work-up the resulting liquid was distilled 
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to give 1.1 g (12%) of the mercaptoketone, bp 47-49*/10 torr [lit. 
bp 51-53°/12 torr (80)], and a second fraction, bp 130-155®/10 torr, 
containing the corresponding disulfide. 
2-Methyl-4,5-tetramethylene-l,3-dithiole (47) 
The procedure of Corey and Seebach was used (81). 15 ml of dry 
THF was added via syringe to 0.84 g (5.3 mmol) of dithiole ^  under 
nitrogen in a 25 ml, 3-necked flask equipped with condenser, rubber 
septum, and nitrogen inlet tube. The solution was cooled to -30°, 
2.6 ml of 2.2 M n-butyllithium in hexane (5.4 mmol) was added by 
syringe, and the solution was stirred for 1.5 hours. After cooling 
the solution to -70°, 0.76 g (5.4 mmol) of methyl iodide and 1 ml of 
THF were added, and the mixture was kept below 0° while being stirred 
overnight. 
The reaction mixture was poured into 60 ml of HgO and extracted 
four times with CHCl^, and the combined CHCl^ layers were washed twice 
with HgO, twice with 7% KOH, and twice with water and dried over KgCO^. 
The CHClg was removed in vacuo and the residue distilled using a 
Hickman still at 85-110°/0.15 torr to give 0.5 g of a pale yellow 
liquid which was 80% ^  and 20% JO. (Yield = 44%) 
mR(CDCl^) 5 4.72 (quar, 1, J = 6.5 Hz, H) , 2.2 (m, 4), 1.7 
(m, 4), and 1.58 (d, 3, J = 6.5 Hz, CH^). 
2,2-Dimethyl-4,5-tetramethylene-l,3-dithiole (48) 
The procedure was the same as that used for the preparation of 
47, but after stirring the solution overnight, a second equivalent of 
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ji-butyllithium was added,  followed by a second equivalent of CHgl. The 
solution was stirred at -10-0° for 65 hours and worked up as before. 
Distillation using a Hickman still resulted in a 49% yield of light 
yellow liquid (48). 
NMR(CDCl^) 6 2.2 (m, 4), 1.83 (s, 6, CH^), and 1.7 (m, 4). 
Bicyclo[2.2.1]heptane-cis-2,3-dithiol thionocarbonate, 
exo-endo mixture (50) 
Enamine J[2 was reacted by the procedure used for preparing 25, 
but instead of chromatographing on alumina, silica gel was used with 
CCl^ as eluent. Recrystallization of the resulting solid gave a 30-
40% yield (the preparation was repeated several times) of a mixture of 
exo and endo trithiocarbonates, with endo predominating. The NMR 
spectrum of the mixture agreed well with that reported by Petermann 
and Pleininger for the exo trithiocarbonate (82). 
NMRXCDClg) 6 4.8 (m, exo H and exo H), 4.40 (d, J = 2 Hz, 
Cg endo H and endo H), 2.5 (m, 2, H and H), and 1.4-2.15 (m's, 
6, H, Cg H, and H). 
Bicyclo[2.2.1]heptane-cis-2,3-dithiol carbonate, 
exo-endo mixture 
5.6 g (28 ramol) of trithiocarbonate ^  and 22 g (69 mmol) of 
mercuric acetate were stirred in 250 ml of acetic acid at 50° for 
2 3/4 hours. Chloroform (500 ml) was added and the solution was 
filtered, washed with water, and washed with 5% NaHCO^ until the acid 
was removed. The aqueous layer was washed again with CHCl^» and the 
combined CHCl^ layers were dried over MgSO^. The chloroform was re­
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moved and the residue was recrystallized from CHgClg-hexane to give 
4.04 g (78%) of dithiolcarbonate as white needles. 
NMR(CCl^) 6 4.2 (m, Cg exo H and exo H), 4.03 (d, J = 2 Hz, 
Cg endo H and endo H), 2.38 and 2.53 (m's, 2, H and H), and 
1.3-2.2 (m's, 6, H, Cg H, and H). 
exo,cis-2,3-Dibromobicyclo[2.2.l]heptane-endo,cis-
2,3-dithiol carbonate 
Bicyclo[2.2.1]heptane-cis-2,3-dithiol carbonate (4.04 g, 21.7 mmol) 
and IJ-bromosuccinimide (12.1 g, 68.0 mmol) were stirred in 100 ml of 
CCl^ for 3 3/4 hours while the solution was irradiated with a sunlamp. 
The mixture was filtered, the solvent evaporated, and the residue 
chromatographed on 110 g of silica gel, with elution by CCl^. The 
first fraction gave a solid which was recrystallized from CHgClg-
hexane to yield 2.29 g (31%) of the dibromo derivative as a white 
solid, mp 114-116°. 
NMR(CCl^) 6 3.2 (m, 2, H and C, H), 2.7 (d of m's, J = 12 Hz 
(d), Cy syn H), and 1.6-2.1 (m's, 5, H, H, and anti H). 
Bicyclo[2.2.1]hept-2-ene-2,3-dithiol carbonate 
2.29 g (6.66 mmol) of exo,cis-2,3-dibromobicyclo[2.2.1]heptane-
endo,cis-2,3-dithiol carbonate was stirred with 0.89 g (14 mmol) of zinc 
dust in 20 ml of refluxing ether for 64 hours. The solution was evapo­
rated, leaving a colorless oil which was used without purification. 
NMR(CCl^) 6 3.42 (m, 2, H and H) and 1.0-1.8 (m's, 6, H, 
Cg H, and Cy H). 
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Blcyclo[2.2,l]hept-2-ene-2,3-dlthiol thlonocarbonate (33) 
The crude dithlol carbonate (described above) was stirred with 
0.95 g (4.3 mmol) of in 30 ml of refluxing xylene for 5.5 hours. 
The mixture was left overnight, filtered, and distilled to remove 
xylene. The residue was chromatographed on 25 g of silica gel, with 
elution by CCl^, and the yellow fraction gave, after recrystallization 
from CH^Clg-hexane, 0.55 g (41% based on dibromodithiol carbonate) of 
23, mp 135-138°. 
mR(CDCl^) Ô 3.43 (m, 2, H and H) and 1.2-2.0 (m's, 6, 
Cc H, C, H, and H). 
Bicyclo[2.2.1]heptane-2,3-dithiol, exo-endo,cis mixture (51) 
Trithiocarbonate 22 (0.86 g, 4.3 mmol) and sodium hydroxide (0.74 g, 
19 mmol) were stirred in 13 ml of methanol and 2.6 ml of water at 
reflux for 20 hours, the solution was acidified with 10% HCl, water 
was added, and the mixture was extracted with methylene chloride. 
The CH2CI2 layer was washed with water, dried over MgSO^, and 
evaporated, and the residue was chromatographed on 20 g of silica 
gel, with elution by 2:1 (v:v) CCl^:benzene, to give 51. as a colorless 
oil. The NMR spectrum agreed well with that reported by Shields and 
Kurtz for the exo dithiol (83). 
NMR(CCl^) 6 3.5 (m, C2 exo H and exo H), 3.15 (m, endo H 
and endo H), 1.68 and 1.72 (d's, 2, J = 4 Hz, SH), and 1.2-2.0 
(m's, 6, H, Cg H, and Cy H). 
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4,4-Dlmethyl-3,5-dlthlatrlcyclo[5.2.1.0^*^]decane (52) 
Trithiocarbonate ^  (1.5 g, 7.5 mmol) was stirred with 1.3 g 
(32 mmol) of NaOH in 22 ml of methanol and 4.4 ml of water at reflux 
for 5 hours. The solution was acidified and washed twice with CHgClg, 
the combined CHgClg layers were washed with water and dried over MgSO^, 
and the solvent was removed. The residual oil was dissolved in 30 ml 
of acetone to which 6 drops of conc HCl had been added, and the solution 
was refluxed for 2 hours. Methylene chloride was added, and the solu­
tion was washed twice with water, dried over MgSO^, and concentrated to 
give an oil which was chromatographed on 30 g of silica gel, with 
elution by 2:1 (v:v) CCl^rbenzene. A pale yellow oil (0.9 g, 60%) 
was obtained upon removal of the solvent. 
NMR(CCl^) 6 4.17 (m, exo H and exo H), 3.72 (m, Cg endo H and 
endo H), 2.3 (m, 2, H and H), 1.78 (s, 6, CH^), and 1.2-2.0 
(m's, 6, Cg H, Cg H, and H). 
4,5-Dimethyl-l,3-dithiolane-2-thione 
Sodium sulfide nonahydrate (33 g, 0.14 mol) and carbon disulfide 
(20 g, 0.26 mol) were stirred in 100 ml of refluxing 50% ethanol for 
2 hours. Meso-2,3-dibromobutane (23 g, 0.11 mol) in 20 ml of ethanol 
was added dropwise over 1 hour. The solution was refluxed for 2 days, 
water was added, and the solution was extracted twice with CHgClg. The 
combined organic layers were washed twice with water, dried over MgSO^, 
and evaporated, leaving an oil which was chromatographed on 100 g of 
silica gel, with CCl^ as eluent. The yellow fraction yielded 1.7 g 
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(8%) of a solid, which partially melted at 33-36°, then melted 
completely at 37-39°. [Lit. mp for trans 40-41° (84)] 
2,3-Butanedlthiol 
To a stirred mixture of 0.20 g (5.0 mmol) of lithium aluminum 
hydride in 7 ml of ether, 4,5-dimethyl-l,3-dithiolane-2-thione (0.92 g, 
6.0 mmol) in 10 ml of ether was added at a rate such that the yellow 
color was continuously discharged. After the solution was cooled to 
0°, water and more ether were added and the mixture was acidified with 
10% HCl. The organic layer was separated, washed with 5% NaHCO^ and 
water, dried over MgSO^, and evaporated, leaving a yellow liquid. In 
attempting to distill the liquid at aspirator pressure using a Hickman 
still, only a few drops of colorless liquid were collected at 45° 
before the yellow liquid began condensing on the cold finger; therefore, 
very little of the colorless dithiol was obtained. [Lit. bp 86-87°/50 
torr (85)] 
2,5-Dihydroxy-2,5-dimethyl-l,4-dithiane (60) 
Chloroacetone (9.3 g, 0.10 mol) in 20 ml of ethanol was added 
dropwise over 25 minutes to a cooled solution of sodium hydrosulfide 
(40 g) in 100 ml of water. The solution was stirred overnight and 
extracted twice with chloroform, the combined CHCl^ layers were washed 
with water and dried over MgSO^, and the CHCl^ was evaporated. The 
resulting oil was chromatographed on 100 g of silica gel, with elution 
by CHClg, giving, as a first fraction, a colorless oil from which a 
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very small amount of white solid eventually crystallized. The solid 
was mp 106-109® [lit. mp 109-111° (86)]. The yield was 0.5 g (6%). 
2,2,4-Trimethyl-l,3-dithiolane 
1,2-Propanedithiol (11 g, 0.10 mol) was stirred overnight in 
refiuxing acetone (100 ml) to which 0.5 ml of conc HCl had been added. 
The acetone was evaporated, the residue was taken up in methylene 
chloride, and the solution was washed with water, 5% NaHCO^, and water 
and dried over MgSO^. Distillation gave 10.4 g (70%) of colorless 
liquid, bp 61-66°/10 torr. [Lit. bp 43-45°/3.8 torr (87)] 
3-Methyl-2,5-dithiahexane (61) 
1,2-Propanedithiol (11 g, 0.10 mol) in 10 ml of ethanol was added 
dropwise to a stirred, cooled solution of sodium hydroxide (16 g, 
0.40 mol) in 170 ml of 50% ethanol. The mixture was stirred for an 
additional 45 minutes, and dimethyl sulfate (25 g, 0.20 mol) in 20 ml 
of ethanol was added over one hour. The solution was allowed to warm 
to room temperature and stirred overnight. Methylene chloride was 
added and the solution was washed three times with water, dried over 
MgSO^, and evaporated. Didtillation of the residue gave a colorless 
liquid, bp 73-75°/15 torr (8.9 g, 65%). [Lit. bp 75-76®/18 torr (88)] 
2,2-Dimethyl-l,3-dithiolane 
A solution of 1,2-ethanedithiol (2.0 g, 21 mmol) in 20 ml of 
acetone to which 0.1 ml of conc HCl had been added was refluxed for 
17.5 hours. Benzene was added and the mixture was washed with water, 
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10% NaOH, and water and the organic layer was dried over MgSO^. 
Evaporation of the solvent and distillation of the product at 70-80°/ 
10 torr using a Hickman still gave 1.92 g (68%) of the dithiolane as 
a colorless liquid, [Lit. bp 89°/l4 torr (89)] 
2,3-Dihydro-l,4-dithiin (88) 
Chloroacetaldehyde diethyl acetal (10.9 g, 71 nnnol) and 1,2-
ethanedithiol (6.8 g, 72 mmol) were stirred with a small amount of 
£-toluenesulfonic acid in 50 ml of refluxing benzene for 23 hours. The 
benzene was evaporated and the residue chromatographed on 200 g of 
silica gel, with elution by CCl^. The product was distilled at 80-
100°/10 torr [lit. bp 101°/29 torr (90)] to give 1.56 g (19%) of the 
dihydrodithiin as a colorless liquid. 
5,6-Dimethyl-2,3-dihydro-l,4-dithiin 
3-Chloro-2-butanone (5.2 g, 49 mmol) and 1,2-ethanedithiol (4.6 g, 
49 mmol) were stirred with a small amount of £^-toluenesulfonic acid 
in 30 ml of refluxing benzene for 26 hours while the water produced was 
collected in a Dean-Stark trap. The benzene was removed in vacuo and 
the residue was chromatographed on 60 g of silica gel, with elution by 
CCl^. The resulting product was distilled to give the dihydrodithiin 
as a colorless liquid, bp 50°/0.2 torr [lit. bp 113-114°/25 torr (91)], 
in 24% yield. 
Ill 
2,5-Dithiahexane (69) 
1.2-Ethanedithiol (10.6 g, 0.113 mol), sodium hydroxide (16 g, 
0.40 mol), and dimethyl sulfate (27.7 g, 0.220 mol) were reacted by the 
procedure used for preparation of 6Tl. Distillation of the product 
gave 11 g (82%) of a pale yellow liquid, bp 71-73°/10 torr. [Lit. 
bp 80.1V20.5 torr (92)] 
Poly(dithio-l,2-ethanediyl) (71) 
The procedure of Cragg and Weston (93) was used. To a stirred 
suspension of 3.41 g (10.5 mmol) of lead(II) acetate in 50 ml of water 
was added 1.01 g (10.7 mmol) of 1,2-ethanedithiol. The mixture was 
stirred for five minutes and the solid that formed was filtered off 
and stirred in 100 ml of benzene with 0.33 g (10 mmol) of sulfur for 
30 minutes. The solution was filtered and dried over MgSO^ and the 
benzene was evaporated, leaving only a small amount of polymer. (Being 
only slightly soluble in benzene, most of the polymer was probably 
removed in the last filtration. However, because it was originally 
hoped that 1,2-dithietane (70) rather than the polymer (71) would be 
J 
the final product, the polymer which was filtered off was not saved.) 
1,2-Dithiolane (72) 
1.3-Propanedithiol (2.22 g, 20.5 mmol) was added to a stirred 
suspension of lead(II) acetate (6.64 g, 20.4 mmol) in 150 ml of water. 
The mixture was stirred for 10 minutes and the yellow solid that formed 
was filtered off and placed in 200 ml of benzene. Sulfur was added, 
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the mixture was stirred for 30 minutes, PbS was filtered off, and the 
solution was dried over MgSO^. The product was kept in solution to 
prevent polymerization (27). 
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